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Anaerobic ammonium oxidation (anammox) and denitriﬁcation are two distinct microbial reac-
tions relevant to the global nitrogen cycle. The proposed initial step of the anammox reactions,
reduction of nitrite to nitric oxide, has been postulated to be identical to that in denitriﬁcation cat-
alyzed by the dissimilatory nitrite reductase of the cytochrome cd1-type. Here, we characterized the
copper-containing nitrite reductase homolog encoded by nirK detected in the genome of an anam-
mox bacterium strain KSU-1. We hypothesize that this NirK-type nitrite reductase, rather than a
nitrite reductase of the cytochrome cd1-type (NirS), is likely to catalyze nitrite reduction in anam-
mox organism KSU-1.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.þ 1. Introduction
In the global nitrogen cycle, there are two distinct dinitrogen-
forming reactions responsible for the removal of ﬁxed nitrogen to
the atmosphere catalyzed by bacterial denitriﬁcation and anaerobic
ammonium oxidation (anammox) [1,2]. During the denitriﬁcation
process, nitrate (NO3 ) is reduced to N2 by four sequential metallo-
enzyme-catalyzing reactions in which the intermediates nitrite
(NO2 ), nitric oxide (NO), and nitrous oxide (N2O) are generated in
turn. The one electron reduction of NO2 to NO in the second step
which proceeds in the periplasm is catalyzed by a nitrite reductase
(NIR), either the heme-containing cytochrome cd1 NIR or the
copper-containing NIR (cd1NIR or CuNIR). The cd1NIR and CuNIR
are encoded by the nirS gene and nirK gene, respectively [3,4]. The
denitrifying bacteria carry either the nirS or nirK gene depending
on the strain [3,4].
Anammox was discovered in a nitrogen-removal reactor in
1995 [5]. In the anammox reaction, equimolar amounts ofchemical Societies. Published by E
ytochrome cd1 NIR; CuNIR,
sonance; ET, electron transferammonium (NH4 ) and NO2 are combined to give N2 according to
the following equation: NHþ4 + NO

2 ? N2 + H2O [6,7]. All known
bacteria performing the anammox reaction belong to the bacterial
phylum Planctomycetes. The molecular mechanism of anammox is
not completely known. Based on the genomic analysis of the anam-
mox bacterium, Candidatus Kuenenia stuttgartiensis, and other
biochemical research, a set of three redox reactions (Eqs. (1)–(3))
involving hydrazine (N2H4) and NO was proposed [7–10]:
NO2 þ e þ 2Hþ ! NOþH2O ð1Þ
NOþ NHþ4 þ 3e þ 2Hþ ! N2H4 þH2O ð2Þ
N2H4 ! N2 þ 4e þ 4Hþ ð3Þ
In anammox, the proposed initial step (NO2 ? NO, one electron
reduction) was believed to be catalyzed by cd1NIR, as the gene is
ﬁrst annotated as nirS in the genome analysis of Candidatus
Kuenenia stuttgartiensis [7], and the nirK genes has not yet been
reported as occurring in an anammox organism. Although the
reduction of nitrite in anammox is a critical reaction as that in
denitriﬁcation is, no biochemical research on the reaction has been
performed.
We have succeeded in purifying and characterizing the
multi-c-type heme proteins, hydroxylamine oxidoreductaselsevier B.V. All rights reserved.
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cytochrome c, named the NaxLS complex from anammox bacterium
strain KSU-1 [10–12]. Recently, we have generated a draft genome
sequence (4.1 Mb) of KSU-1 (accession No. BAFH01000001–
BAFH01000004). Unexpectedly, no nirS-homolog was detected,
and instead, one nirK-homolog was found in the KSU-1 genome.
In this study, we have focused on the biochemical properties of
anammox bacterial CuNIR encoded by the nirK-homolog found in
the KSU-1 genome. We cloned and expressed the nirK in Escherichia
coli, and puriﬁed and characterized the recombinant NirK protein.
Our results showed that the nirK is really an ortholog of nirK found
in denitrifying bacteria, and thus the nitrite reduction of anammox
in strain KSU-1 is catalyzed by a homologous protein of CuNIR
instead of by cd1NIR.
2. Materials and methods
2.1. Construction of an expression vector for nirK
A CuNIR homolog encoded by an open reading frame
(KSU1_D0929) was found in the KSU-1 genome. The deduced
protein was 337 amino acids in length, and the N-terminal region
from Met1 to Ala32 was predicted to be a signal peptide by SignalP
analysis [13]. The nirK gene without the signal sequence was ampli-
ﬁed by PCR, using genomic DNA from the anammox bacterium
strain KSU-1 as a template. Primers for ampliﬁcationwere designed
based on the sequence data andNdeI andHindIII restriction-enzyme
sites (marked in bold) were incorporated into the sequences of the
forward and reverse primers, 50-GGCATATGGTGGATGTTATTAG
CAACGTTGC-30 and 50-GGAAGCTTATTTTACGTGCAGTAAACCTCC-30,
respectively. The ampliﬁed DNA fragment was cloned into the T7
expression vector pET-28a (+) (Novagen). Although an N-terminal
hexahistidine tag (His-tag) and thrombin recognition site originat-
ing from the vector were fused at the N-terminus before the Val33
residue of NirK, the Val residue of the recombinant protein was
numbered as the 33th residue for clarity.
2.2. Expression of NirK in E. coli and puriﬁcation of the recombinant
protein
Plasmids for recombinant expression of NirK were transformed
into E. coli strain BL21 (DE3) (BioDynamics Laboratory). Expression
cultures were grown overnight in LB medium containing the anti-
biotic kanamycin at 50 lg/ml at 37 C until the OD660 nm reached
ca. 1.2. Subsequently, protein expression was induced by adding
isopropyl b-D-1-thiogalactopyranoside to a ﬁnal concentration of
0.5 mM. After 4 h incubation, the cells were harvested by centrifu-
gation for 10 min at 6800g, resuspended in 50 mM potassium
phosphate buffer (pH 8.0) containing 300 mM NaCl and 1 mM
phenylmethanesulfonyl ﬂuoride. The suspension was sonicated
and debris was removed by centrifugation at 23,500g for 60 min
at 4 C. The supernatant was puriﬁed by cobalt afﬁnity column
chromatography using TALON resin (CLONTECH). After washing
the column, the NirK was eluted with 50 mM potassium phosphate
buffer (pH 7.0) containing 300 mM NaCl and 150 mM imidazole.
Fractions containing NirK were identiﬁed by SDS-PAGE.
2.3. Reconstruction of holoenzyme
The NirK solution was dialyzed against 50 mM Tris–HCl buffer
(pH 8.0), 500 mMNaCl and 1 mMCuSO4 for 12 h at 4 C to reconsti-
tute the Cu-binding sites. The solution was dialyzed with a second
time against 50 mM Tris–HCl buffer (pH 8.0) and 500 mM NaCl.
After removal of the precipitates by centrifugation, the NirK
solution was concentrated by a Centriprep-YM50 (Millipore).2.4. Absorption and electron paramagnetic resonance (EPR) spectra of
NirK
UV–vis absorption spectrum was recorded at 25 C using a UV/
visible spectrophotometer (MPS-2400, Shimadzu, Japan). The EPR
spectrum was measured on a Bruker, E-500 spectrometer (X band)
at 15 K with a high-Q resonator and equipped with a variable tem-
perature cryostat (ESR900, Oxford Instruments, UK).
2.5. Enzyme activity
NIR activity using reduced benzyl viologen as an electron donor
was assayed by monitoring the oxidation of the benzyl viologen
[14]. The reaction mixture containing 20 mM potassium phosphate
buffer (pH 6.5), benzyl viologen (0.20 mM), sodium dithionite
(0.24 mM) and sodium nitrite (30–1000 lM) was anaerobically
prepared in a stoppered 1.0 ml cuvette (light-path length,
10 mm). The reaction was started by the injection of NirK (35 ll)
through the rubber cap. The oxidation rate of reduced benzyl
viologen was monitored spectrophotometrically at 550 nm
(e = 10.4 mM1 cm1 [14]) at 25 C. A unit of enzyme activity is
deﬁned as the amount of NirK that is required to reduce 1 lmol
of nitrite per minute.
2.6. 3-D structural modeling
The predicted mature protein sequence of nirK (Val33 to
His337) was submitted to the Swiss-Model Workspace [15] to gen-
erate a 3-D model from the known structure of class II CuNIR from
Neisseria gonorrhoeae (PDB entry 1kbw; [16]).
3. Results and discussion
3.1. Comparison of the amino acid sequence of NirK with those of
well-known CuNIR proteins
We found one nirK-homolog in the KSU-1 genome whereas no
nirS gene was detected in the KSU-1 genome. Its expression was
conﬁrmed by reverse transcription-PCR (data not shown).
Although CuNIRs have been found not only from Gram-negative
bacteria [17,18] but also from some Gram-positive bacteria [19]
and fungi [20], this is the ﬁrst report on a CuNIR from an anammox
bacterium that belongs to the phylum Planctomycetes.
The amino acid sequence of NirK showed signiﬁcant sequence
identity to those of well-known CuNIRs (Fig. 1). All known CuNIRs
form a trimeric structure, which have a type 1 Cu site in each
37 kDa monomer and three type 2 Cu sites shared by adjacent
subunits. The type 1 Cu site accepts one electron from an electron
donor such as a cupredoxin or cytochrome c, and then donates it to
the type 2 Cu site [3,21,22]. In all known CuNIRs, the type 1 and the
type 2 Cu atoms are coordinated by four amino acid side chains
(two His imidazoles, one Cys thiolate and one Met thioether) and
three amino acid side chains (two His imidazoles from one subunit
and one His from the adjacent subunit), respectively. These resi-
dues are completely conserved in the sequence of NirK (i.e.,
H122, C159, H168, and M173 for the type 1 Cu site and H127,
H158, and H321 for the type 2 Cu site). Moreover, Asp and His
are involved in a hydrogen bond network through which a proton
is donated to NO2 , and are also conserved in NirK (i.e., D125 and
H272).
CuNIRs can be divided into two phylogenetically distinct
groups, class I and class II [16]. NirKs from Alcaligenes xylosoxidans
andA. faecalis are typical members of the class I group, and those of
Sphaerobacter thermophilus and N. gonorrhoeae are of the class II
group (Fig. 1). A characteristic difference between the class I and
Fig. 1. Amino acid sequence alignment of NirKs. Sequence comparison between NirK from an anammox bacterium strain KSU-1 and well-known NirKs from S. thermophilus
(accession No. ACZ37592), N. gonorrhoeae (accession No. 1KBW_A), A. xylosoxidans (accession No. 1HAU_A) and A. faecalis (accession No. 1SJM_A) was performed by Clustal W
[31]. Filled triangles and circles under the sequences signify the type 1 and type 2 Cu ligands, respectively. Open circles indicate amino acid residues involved in a hydrogen-
bonding network around the type 2 Cu site. The putative linker loop and tower loop regions are boxed.
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tower loop in class I CuNIRs extends to the upper surface of the
type 1 Cu site and is important for docking with the electron trans-
fer partners [23]. There are partial deletions in the linker loop and
tower loop of class II [16]. The sequence alignment showed that
NirK is likely to be classiﬁed into the class II group. NirK contains
some unique features including a nine amino acid insertion and a
four amino acid insertion after residues 84 and 240, respectively
(Fig. 1).
3.2. Characterization of recombinant NirK
Recombinant production of the NirK protein was achieved using
an expression system in E. coli cells. After puriﬁcation by cobalt-
based immobilized metal afﬁnity chromatography, NirK showed a
single band on SDS-PAGE (Fig. 2A). The constitution of the Cu-bind-
ing sites was achieved by dialysis with a buffer containing 1 mM
CuSO4 for 12 h at 4 C. After the dialysis, the sample solution be-
came a bluish green color, indicating the presence of type 1 Cu in
themolecule. The absorption spectrum of NirK displayed two peaks
at 598 and 449 nm (Fig. 2B). The type 1 Cu proteins are character-
ized by an intense electronic absorption band around 600 and
450 nm. Well-known CuNIRs are grouped into either blue or green
according to the ratio of the intensities at 450 and 600 nm, although
they have the same ligand sets (two His, one Cys, and one Met) intheir type 1 Cu sites. The ratio (A450/A600) of NirK was relatively
high at 1.3 and the color of NirK was bluish green, comparable to
that of NirK from A. faecalis which has a perturbed type 1 Cu site
[24]. In addition, the perturbed type 1 Cu site shows a rhombic
EPR signal and has a ﬂattened tetrahedron geometry [25,26]. The
15-K EPR spectrum of NirK exhibited a typical rhombic type 1 Cu
signal (gz = 2.22, Az = 4.9 mT, gy = 2.08, gx = 2.02, and Ax = 6.0 mT)
and an axial type 2 Cu signal (g// = 2.32, A// = 13.1 mT, and
g? ¼ 2:08). The rhombic signal indicates the presence of a per-
turbed type 1 Cu site, which is consistent with the features of the
absorption spectrum, and the axial signal indicated that NirK pos-
sesses a type 2 Cu site resembling that of the well-known CuNIRs
[21,24].
The nitrite reduction activity of NirK was determined by a
steady-state method using an artiﬁcial electron donor, dithionite-
reduced benzyl viologen, at pH 6.5 and 25.0 C. The Km and Vmax
values of NirK for NO2 were 250 ± 50 lM and 570 ± 50
lmol min1 mg1 protein, respectively. This result indicates that,
although NirK has a substantially higher Km value, its catalytic
efﬁciency (Vmax/Km) is comparable to those reported for the denitri-
fying bacterial CuNIRs [3,14,26]. The higher Km value of NirKmay be
related to physiological differences between anammox and
denitrifying bacteria. Further research is required to measure the
NO2 concentration in the cell compartment, the anammoxosome,
in which anammox process is thought to occur [9].
Fig. 2. SDS-PAGE proﬁle and UV–vis absorption and EPR spectra of the puriﬁed NirK protein. (A) 12.5% SDS-PAGE. Lane 1, molecular-weight markers; the size of each protein
(in kDa) is shown on the right. Lane 2, puriﬁed NirK. (B) UV–vis absorption spectrum. The spectrum was measured in 40 mM Tris–HCl 500 mM NaCl (pH 8.0) at 298 K. A 10
enlarged spectrum is also shown. (C) EPR spectrum. Experimental conditions were: microwave frequency, 9.3 GHz; microwave power, 1 mW; ﬁeld modulation amplitude,
10 G; modulation frequency, 100 kHz; averaged scans, ﬁve times; temperature, 15 K.
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The homology modeling of NirK was performed to examine its
overall fold and the assembly of the two Cu sites. The homology
model was successfully created using the Swiss-Model Workspacebased on the known structure of NirK from N. gonorrhoeae (1BKW)
presenting 41% identity with NirK. The tertiary model demon-
strated that NirK could be folded into two cupredoxin domains of
the well-known CuNIR structure and also implied that the con-
served residues (H122, D125, H127, H158, C159, H168, M173,
Fig. 3. 3-D modeling of the NirK structure. Homology modeling was carried out using the Swiss-Model Workspace based on the known structure of NirK from N. gonorrhoeae
(1BKW) presenting 41% identity with NirK. The residues (H122, D125, H127, H158, C159, H168, M173, H272, and H321) shown as ball-and-stick would be likely to form the
type 1 and type 2 Cu sites of NirK. Aspartic and glutamic acid side chains that were located at the northern surface close to the type 1 Cu site are drawn in red and labeled with
the residue number.
Fig. 4. Denitriﬁcation and proposed anammox pathways. Denitriﬁcation comprises
four enzymatic steps, generating the intermediates nitrite, nitric oxide, and nitrous
oxide. The initial reaction of the anammox process has been proposed to be
identical to the second step of the denitriﬁcation process. Abbreviations are as
follows: cd1NIR, heme-containing cytochrome cd1 nitrite reductase; CuNIR, copper-
containing nitrite reductase; NAR, nitrate reductase; NOR, nitric oxidoreductase;
N2OR, nitrous oxide reductase; HS, hydrazine synthase; HZO, hydrazine
oxidoreductase.
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(Fig. 3).
Additionally, many Asp and Glu residues (E66, E119, E120,
E138, E141, E162, E167, D217, E218, and D219) were located at
the northern surface close to the type 1 Cu site in the homology
model (Fig. 3 right). The interaction and electron transfer (ET)
mechanisms for several CuNIRs and their physiological ET partners
have been well studied [23,27–30]. In the case of NirK from A.
xylosoxidans and its ET partner, cytochrome c551, the residues lo-
cated at the hydrophobic patch around the type 1 Cu site and at
the tower loop region of NirK from A. xylosoxidans interact with
the heme and hydrophobic residues of cytochrome c551, which
forms a close contact between their active sites to allow rapid ET
[23]. In the case of NirK from A. faecalis and its ET partner, pseudo-
azurin, the effects of electrostatic interaction between the two pro-
teins was characterized by kinetic analyses [27,28] and NMR
analyses [29,30]. Many negatively charged residues surrounding
the hydrophobic patch around the type 1 Cu site of NirK from A.
faecalis are believed to interact with the positively charged Lys res-
idues of pseudoazurin, which promotes the formation of the ET
complex. Accordingly, the model analysis expects that NirK would
interact with the physiological ET partner through its acid residues
located around the type 1 Cu site in a similar manner to NirK from
A. faecalis. The physiological ET partner of NirK is currently un-
known and further investigation into the ET chain in anammox
bacteria is still required.3.4. Concluding remarks
During denitriﬁcation, the nitrite reduction (Eq. (1)) is catalyzed
by a soluble periplasmic NIR. Denitrifying bacteria have been de-
scribed in terms of their signature genes, nirS and nirK, encoding
the two different types of NIR, cd1NIR containing two hemes and
CuNIR containing two Cu atoms, respectively. Denitrifying bacteria
have nirS or nirK, but not both [3,4].
It has been proposed that the ﬁrst reaction of the anammox pro-
cess is identical to the second reaction of the denitriﬁcation process,
i.e., the nitrite reduction (Eq. (1)) that is catalyzed by a homologous
protein of cd1NIR from denitrifying bacteria [7]. However, to date,
there have been no reports of the occurrence of the copper-type
(NirK) enzyme in anammox organisms. Our genomic analysis re-
vealed that anammox bacterium strain KSU-1 possesses one nirK-
homologous gene but not a nirS-homologous gene. In this study,
we expressed the nirK-homologous gene in an E. coli system, and
puriﬁed and characterized the recombinant protein, NirK. NirK pro-
teinwas conﬁrmed to be an ortholog of denitrifying bacterial CuNIR.
In conclusion, the proposal that reduction of nitrite to nitric
oxide is the ﬁrst step of the anammox process would be invali-
dated if an organism lacking a nitrite reductase were to be identi-
ﬁed. Thus our ﬁnding that the absence of the cytochrome cd1-type
of enzyme is accompanied by the presence of the alternative cop-
per-type nitrite reductase can be taken as support for the idea that
nitrite reduction is the ﬁrst step (Fig. 4). However the role of Cu-ni-
trite reductase and its product, nitric oxide, in the anammox pro-
cess needs to be conﬁrmed by further experiments, including, for
example, detection of the protein in cells.
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